Rapamycin inhibits the nutrient-sensing TOR pathway and extends life span in a wide range of organisms. Although life-span extension usually differs between the sexes, the reason for this is poorly understood. Because TOR influences growth, rapamycin likely affects life-history traits such as growth and reproduction. Sexes have different life-history strategies, and theory predicts that they will resolve the tradeoffs between growth, reproduction, and life span differently. Specifically, in taxa with female-biased sexual size dimorphism, reduced growth may have smaller effects on male fitness. We investigated the effects of juvenile, adult, or life-long rapamycin treatment on growth, reproduction, life span, and individual fitness in the outcrossing nematode Caenorhabditis remanei. Life-long exposure to rapamycin always resulted in the strongest response, whereas postreproductive exposure did not affect life span. Although rapamycin resulted in longer life span and smaller size in males, male individual fitness was not affected. In contrast, size and fitness were negatively affected in females, whereas life span was only extended under high rapamycin concentrations. Our results support the hypothesis that rapamycin affects key life-history traits in a sexspecific manner. We argue that the fitness cost of life-span extension will be sex specific and propose that the smaller sex generally pay less while enjoying stronger life-span increase.
that alters physiology to extend life span is likely to have different effects on other life-history traits, and on overall fitness, in each sex. Consequently, sex-specific effects of manipulating TOR using rapamycin can be expected, but the challenge is to understand the underlying tradeoffs to be able to predict the effect of rapamycin and other interventions that downregulate nutrient-sensing signaling on sex-specific life span and fitness in different taxa.
Life-history tradeoffs are often understood using the concept of resource allocation, and its role for life span has been realized for quite some time (15, 23, 24) . The tradeoff between growth, reproduction, and life span is central to life-history evolution, although its proximate causes are debated (25) . Investments in growth or early-life fecundity are often associated with a decrease in life span (16, 17, 26) , fast growth is directly associated with high biosynthesis and metabolic rate (27) and also increased oxidative damage (28) . Moreover, because resources for maintaining growth are taken away from maintenance, fast-growing individuals often invest less in protection against oxidative stress (29) . In addition, mutants or ablations of the IIS/TOR pathways in C elegans and D melanogaster have resulted in increased life span (3) (4) (5) (6) (7) at the cost of reduced growth (5, 7, (30) (31) (32) and female fecundity (3, 5, 33) . This suggests that tradeoffs could also be present at the level of conserved signaling pathways. However, the tradeoff in resource allocation could be hidden by individual differences in resource acquisition (34) , and genetic manipulations of the IIS pathway suggest that these tradeoffs may sometimes be decoupled in D melanogaster (35) and C elegans (36) at least under laboratory conditions. It must be added, however, that tradeoffs between reproduction and survival may go beyond the tradeoff between fecundity and life span and include other key life-history traits such as growth rate and development time (15, 16) .
Taken together, these considerations suggest that life span should not be seen in isolation but as an integrated part of the life history of an organism, which includes the costs of growth and reproduction. Sexes often have different life-history strategies, and evolutionary theory predicts that males and females will resolve the classic life-history tradeoffs between growth, reproduction, and life span differently, depending upon the sex-specific relationship between size and fitness (37) and the degree of sex-specific genetic variation (38) . Specifically, in taxa with female-biased sexual dimorphism in body size (females largest), reduced growth may have small effects on male fitness whereas females suffer more because of lower fecundity (39) (40) (41) (42) .
Nutrient-sensing IIS/TOR signaling influences both growth and reproduction in model systems. Nutrient-uptake mutants of C elegans (that have reduced IIS/TOR signaling) suffer from reduced egg-laying (5), while there is mixed evidence for an effect of rapamycin on female reproduction, from no effect in C elegans hermaphrodites (10) to a negative effect in D melanogaster females (11) . Mutations in the TOR signaling pathway result in reduced growth in both C elegans hermaphrodites (5) and D melanogaster males (31), and rapamycin reduces food intake and growth of male rats (43). However, with the exception of life span (10, 14, 44) , the previous studies have been limited to one sex only, and given the sex-specific response in life span, sex-specific responses in growth and reproduction are expected.
Here we study the effect of rapamycin administered at different stages of the life cycle-juvenile, adult, late-life, and life-long exposure-on life span of male and female nematodes, Caenorhabditis remanei, in conjunction with comprehensive analyses of key lifehistory traits, such as growth and reproduction, as well as overall individual fitness. Thus, our aim is not to uncover the genetic basis of rapamycin action but to investigate the effects of pharmaceutical downregulation of TOR on key life-history traits in both sexes. Size and reproduction are traits that commonly have sex-specific relationship with fitness (21, 39, 40) and are often traded off against long life (23, 45) . In contrast to hermaphroditic C elegans, C remanei is a closely related obligate outcrossing species with similarly pronounced sexual dimorphism in size and life span and rapid life cycle and is therefore a suitable model organism for investigating sex-specific life-history effects of rapamycin over the whole life cycle of an organism. We found that the effect of rapamycin on life span was stronger the longer the exposure time, with most effect for lifelong treatment and no effect when only administered late in life. Rapamycin reduced growth in both sexes, but this growth reduction only affected female, but not male fitness. In contrast, the life-spanprolonging effect of rapamycin was most pronounced for males, the small and long-lived sex.
Method
For all assays, we used the wild-type strain SP8 of C remanei, obtained from N. Timmermeyer from the Department of Biology at University of Tübingen, Germany. This strain was created by crossing three wild-type isolates (SB146, MY31, and PB206) and harbors substantial standing genetic variation for life-history traits (46) . Before each assay, worms were recovered from freezing and cultivated for two generations under standard laboratory conditions (47) at 20 °C, with the addition of the antibiotics nystatin, streptomycin, and kanamycin to agar and bacterial growth medium (48) . Kanamycin was added to the agar from Day 4 of adult life. Worms were feeding on the antibiotic-resistant E coli OP50-1 (pUC4K) obtained from J. Ewbank at the Centre d'Immunologie de Marseille-Luminy, France.
Rapamycin (LC Laboratories, Woburn, MA) was dissolved in dimethyl sulfoxide (DMSO) DMSO at 50 mg/mL and added to agar at 100 µM following the protocol for C elegans (10) . An equal amount of DMSO was added to the control plates. For all assays, the rapamycin treatment was administrated to one or two of the different life stages: juveniles (egg to L4 larvae, 0-54 hours) and adults (54 hours to death). Thus, we had four treatment combinations: control (CC), exposure to rapamycin during juvenile stage (RC), exposure to rapamycin during adult stage (CR), and life-long exposure to rapamycin (RR).
In order to investigate whether the lack of response to female life span was caused by insufficient rapamycin concentration, or masked by the cost of mating, another life-span assay was also performed using a triple concentration of rapamycin (300 µM) dissolved in DMSO at 150 mg/mL. Finally, to test whether late-life exposure to rapamycin was enough to initiate life-span extension, a third lifespan experiment was conducted, in which 300-µM rapamycin was administered from Day 12.
Life-span Assay
Life-span assays were established using 20 age-synchronized worms (10 males and 10 females) in the L4 stage (54 hours old) per replicate plate, which had been developing on either control or rapamycin (100 or 300 µM) plates since egg-laying. Worms were transferred to new plates daily, and sex ratio was adjusted to the focal sex throughout the assay. Worms were scored as dead, dead of matricide (internal hatching of eggs), or censored (escaped from agar). The 100-µM life-span assay was run in two blocks, each containing three replicate plates of each treatment and sex combination, resulting in a total of 48 plates and 480 focal worms. In the second life-span experiment, life span was scored on control (CC) or life-long exposure to 300-µM rapamycin (RR) for both mated and virgin worms. Each plate was initially set up using 20 worms in the L4 larval stage, either 10 individuals of the target sex and 10 background worms of the opposite sex (for the mated treatment) or 20 virgins of the same sex (for the virgin treatment). Worms were transferred to new plates every day for Day 1-6 (to avoid food shortage during peak reproduction) and thereafter every second day for the remainder of the assay. The 300-µM life-span assay was run in two blocks, the first containing six replicate plates of each treatment, sex, and mating status combination, whereas the replication of virgin males was increased to 24 plates during the second block, due to massive escapes of matesearching virgin males. This resulted in a total of 84 plates and 1,440 focal worms. In the third life-span experiment, mated worms were exposed to 300-µM rapamycin from Day 12. The experimental procedure followed that of the first life-span experiment, and was run in one block, with 10 replicate plates for each sex and treatment combination, resulting in a total of 40 plates and 400 focal worms.
Growth Assay
As for life-span assays, growth assays were established using agesynchronized worms in the L4 stage (54 hours old) that had been developing on control or 100-µM rapamycin plates since egg-laying. To estimate growth, individual worms were kept with two worms of opposite sex and photographed when moved to a new plate (control or 100-µM rapamycin), using a Lumenera Infinity2-5C digital microscope camera mounted on a Leica M165C stereomicroscope. Photographs were taken daily for Day 0-9 and then every second day. Size was measured as the cross-section area using ImageJ 1.46r (http://imagej. nih.gov/ij/). Individuals of the nontarget sex were replaced when lost. The experiment was run in two separate blocks for each sex, consisting of 12 replicate individuals per treatment and block for females and 20 replicates for males (because of male-biased dispersal from plates).
Reproduction Assay
For females, the same individuals were used for the reproduction and growth assay. Individual females with access to two males were allowed to lay eggs on a plate for approximately 24 hours, where after the hatched offspring were killed using chloroform 2 days later and counted under a microscope. The number of offspring on a plate was divided by the exact time the females had been present on the plate, and multiplied by 24:00 hours, to get a daily reproduction estimate. Reproduction was estimated daily until the death of each female.
As for females, the same males were used in the growth and reproduction assays. However, because male reproduction is limited by access to females, male age-specific reproduction was assayed by placing a single male together with eight virgin females (second day of adulthood) for 3 hours, where after the male was removed and the females were allowed to lay eggs for another 3 hours. The developing offspring were killed and counted 2 days later. This assay was performed every 3rd day, starting at Day 2, until the death of each male.
Statistical Analyses
All statistical models were implemented in R 3.0.2. Life span was analyzed in Cox proportional hazard models with Gaussian random effects separately for each sex using the coxme package for R. Juvenile and adult exposure to rapamycin were fitted as fixed factors and block and plate as nested random factors. The 100 and 300-µM rapamycin concentrations were analyzed in separate models, as they were conducted in separate experiments. Female life span was analyzed in two separate models, either by scoring females dying of matricide (internal hatching of eggs) as dead or alternatively censoring them. Matricide could be seen as a nematode-specific death with limited value for generalizations, but occur when females that still produce eggs are food limited, which happens if they are no longer able to move around on the agar because of aging of their locomotion system and could therefore be seen as a consequence of senescence (49) .
Growth was analyzed using a three-parameter asymptotic exponential function of the form
The function was fitted to each individual, which gave an individual estimate of the parameters a, b, and k. We then analyzed the effect of juvenile and adult exposure to rapamycin on each parameter in separate mixed-effect models, with block as random factor. The models were implemented using the package lme4 in R, and significance tests of main effects were performed using Wald-chi square tests in the car package. For males, we used individuals surviving to Day 10, where growth has reached an asymptote. Four males were removed from the analysis, because it was not able to fit Equation 1 to their pattern of growth. Because female shrinks from Day 5, we used data up to Day 4. However, because of shrinking, we could not obtain a meaningful estimate of the asymptote for females, therefore we also analyzed the response of the treatments on maximum size (at Day 4) in a mixedeffect model using lme4 and car, treating block as a random factor. Reproduction was estimated as rate-sensitive individual fitness and total reproduction. Individual fitness was estimated by λ ind which is a rate-sensitive measure of fitness that encompasses the timing and number of offspring, as well as survival, and is considered the most appropriate proxy of fitness for data from one generation (50) . It is thus analogous to the intrinsic growth rate of a population and is estimated by solving the Euler-Lotka equation for each individual life table (45) . The effect of juvenile and adult exposure to rapamycin on log λ ind and total reproduction was then analyzed in separate mixed models for each sex, with block as random effect, using lme4 and car. Five infertile males were removed from the dataset.
Results

Life Span
In our first assay, rapamycin extended life span for males but not for females ( Figure 1, Supplementary Figure 1 ). For males, we found no interaction between juvenile and adult exposure (χ 2 = 1.140, df = 1, p = .286), and in the simplified model, we found that adult exposure (z = −2.93, p = .003) and juvenile exposure (z = −2.15, p = .032) had additive effects on male life span. For females, the interaction between juvenile and adult exposure was outside significance both when females dying of matricide were included (χ 2 = 2.464, df = 1, p = .117) and censored (χ 2 = 2.300, df = 1, p = .129), and in the simplified models, neither juvenile (including matricide: z = −0.44, p = .66, censoring matricide: z = −0.24, p = .81) nor adult exposure (including matricide: z = −0.92, p = .36, censoring matricide: z = −0. 80, p = .43) was significant on its own.
To test whether the lack of female response to rapamycin was caused by insufficient rapamycin concentration and/or hidden by the cost of mating, we also performed a second life-span experiment using a triple dose of rapamycin (300 µM) as well as including virgins (Figure 2, Supplementary Figure 1 ). Life-long exposure to 300-µM rapamycin expanded life span for both mated and virgin males (z = −2.98, p = .003, Figure 2A ). Virgin males lived substantially longer than mated males (z = −8.65, p < .001), but rapamycin treatment did not interact with mating status (χ 2 = 0.918, df = 1, p = .338). For females, life-long exposure to 300-µM rapamycin resulted in life-span extension when matricide was included (z = −2.02, p = .043) but not when matricidal females were censored (z = −1.89, p = .059). The interaction between mating status and rapamycin treatment was not significant when matricide was included (χ 2 = 1.279, df = 1, p = .258) or censored (χ 2 = 1.538, df = 1, p = .215) Virgin females lived substantially longer than mated females both when matricide was included as a source of death for mated females (z = −16.96, p < .001) or censored (z = −14.81, p < .001), which resulted in a reverse of the sexual dimorphism in life span, because males are the longest lived sex when mated, but females live longer as virgins ( Figure 2 ).
Exposure to 300-µM rapamycin from Day 12 of adult life did not significantly extend life span in males (z = −1.64, p = .100) or females, regardless of whether matricide was included as a mortality source (z = −0.26, p = .790) or censored (z = 0.58, p = .580; Figure 3 , Supplementary Figure 1 ).
Growth
Adult exposure to rapamycin resulted in a smaller adult size in both males and females (Figure 4 ). When fitting a three-parameter asymptotic exponential growth model for males, we found that adult (but not juvenile) exposure to rapamycin resulted in a lower coefficient a (asymptote, maximal size; juv. exp.: χ 2 = 2.061, df = 1, p = . 151; adult exp.: χ 2 = 31.978, df = 1, p < .001; juv. × adult exp.: χ 2 = 0.131, df = 1, p = .717) and coefficient b (initial growth; juv. exp.: χ 2 = 0. 045, df = 1, p = . 832; adult exp.: χ 2 = 13.400, df = 1, p < .001; juv. × adult exp.: χ 2 = 0.030, df = 1, p = . 863) but did not affect the parameter k (rate of increase; juv. exp.: χ 2 = 0.048, df = 1, p = . 460; adult exp.: χ 2 = 0.008, df = 1, p = . 896; juv. × adult exp.: χ 2 = 1.156, df = 1, p = . 282). It was not possible to fit a growth function for females, because male-induced shrinking of females (51) occurred before the growth models predicted that the females had reached their maximum size (model output is presented in Supplementary Table 1 ). However, when analyzing the effect of rapamycin at the age of maximal female size (Day 4, see Figure 4 ), we found a strong negative effect of adult treatment of rapamycin (χ 2 = 3.051, df = 1, p < .001), reducing the size of females from the RR treatment with 7% compared with control females. No effect was found by juvenile treatment of rapamycin (χ 2 = 0.005, df = 1, p = .945) or their interaction (χ 2 = 0.314, df = 1, p = .575).
Reproduction
The effect of rapamycin on reproduction was sex specific. No significant effect of rapamycin on either individual fitness λ ind or total fecundity was found for males, whereas both juvenile and adult exposure to rapamycin significantly reduced female λ ind but not total lifetime fecundity ( Figure 5 ).
Male λ ind was not affected by juvenile (χ 2 = 0.190, df = 1, p = .63) or adult (χ 2 = 0.022, df = 1, p = .884) exposure to rapamycin, neither was their interaction (χ 2 = 0.219, df = 1, p = .640). The same was true for total fecundity, where neither juvenile (χ 2 = 0.867, df = 1, p = .352) nor adult (χ 2 = 0.090, df = 1, p = .148) exposure or their interaction (χ 2 = 0.188, df = 1, p = .665) had any effect ( Figure 5A , C, Supplementary Figure 2 ).
Female individual fitness λ ind was negatively affected by both juvenile (χ 2 = 9.304, df = 1, p = .002) and adult (χ 2 = 1.253, df = 1, p = .001) exposure to rapamycin. The effect of juvenile and adult exposure was however not additive, as indicated by the fact that a model containing this interaction was retained in the model simplification process (χ 2 = 3.888, df = 1, p = .049), although the interaction was borderline significant when the model was refitted using restricted maximum likelihood (χ 2 = 3.831, df = 1, p = .050). In contrast, female total fecundity was not significantly affected by juvenile (χ 2 = 1.430, df = 1, p = .232) or adult (χ 2 = 2.046, df = 1, p = .153) exposure to rapamycin, or by their interaction (χ 2 = 1.416, df = 1, p = .234) ( Figure 5B, D, Supplementary Figure 3 ).
Discussion
We investigated the effects of juvenile and adult treatment with the TOR signaling antagonist rapamycin on growth, reproduction, life span, and individual fitness in the outcrossing nematode C remanei. Although rapamycin treatment resulted in a smaller adult size of both sexes, we found substantial fitness cost of rapamycin treatment for females but not for males. In contrast, the life-span-prolonging effect of rapamycin was stronger for males than for females. Thus, the fitness cost of rapamycin was only present in females, the sex with the smallest life-span increase. The effect of rapamycin on life span was stronger the earlier in life rapamycin treatment was initiated, with no detectable effect when administered only in late life.
TOR is a conserved signaling pathway that controls growth and metabolism with input from environmental cues (1) . Genetic manipulations of this pathway have extended life span in model organisms (4, 6) . TOR also seems to be involved in natural life-span variation in D melanogaster (52) , and recently, the drug rapamycin has proven an effective way of downregulating TOR without the need of genetic manipulations, and thus is applicable also to non-model organisms, potentially including humans (53) . Although rapamycin was initially believed to bind specifically to mTORC1 (1), recent evidence suggests that rapamycin also acts by binding to mTORC2 (54) . Rapamycin has been shown to extend life span in C cerevisiae (9) , C elegans (10), D melanogaster (11) , and M musculus (12) (13) (14) , and in agreement with these studies, we show that rapamycin treatment also extends life span in C remanei.
It has been proposed that rapamycin mainly affects aging when administrated late in life (1), but this prediction, to the best of our knowledge, has never been tested. Although most studies have focused on the effects of late-life (12, 14) or adult (10) treatment by rapamycin, we also investigated the effect of juvenile rapamycin treatment in a full-factorial design allowing us to disentangle potential effects of rapamycin treatment at different stages of the life cycle. We found that the effect of rapamycin on life span was stronger when administered during the adult than during the juvenile phase, but on the other hand, juvenile exposure to rapamycin also had a significant additive effect on male life span and the combined juvenile and adult treatment always resulted in longest life span, suggesting that downregulation of TOR signaling in juveniles is also important for life-span extension. This latter result suggests that reduced nutrient-sensing signaling in the juvenile phase has positive carryover effects on life span manifested late in life and that rapamycin treatment of adults could not fully compensate for lack of exposure in early life. Moreover, when rapamycin was administered only in late life [from Day 12, corresponding to the latelife treatment in mice (12, 14) ] in a follow-up experiment, we found no detectable effect on life span, despite higher replication.
We also found the effect of rapamycin on life span to be sex specific, with a stronger effect in males, whereas the effect on female life span was only detected under high rapamycin concentrations. Together with findings in D melanogaster (11) and mice (14) , these results suggest that sex-specific effects of rapamycin on life span are to be expected, although which sex is most affected differs among species. Rapamycin has the strongest effect on the long-lived sex in C remanei (males) and in mouse (females) (14) but on the short-lived sex in D melanogaster (males) (11) . Thus, rapamycin does not preferentially extend life span of any particular sex, nor does it mostly extend the life span of the short-lived sex. Instead, rapamycin seems to prolong life of the smaller sex. For further insight in the direction of the sex-specific effects of rapamycin across taxa, it is necessary to consider the effect across a suite of life-history traits, which often have sex-specific optima. Life-history theory maintains that resources are allocated between growth, reproduction, and somatic maintenance (15, 23, 24) . Although allocation tradeoffs can be difficult to detect whether individuals also differ in resource acquisition (34) , empirical studies suggest that selection on growth results in a correlated response in reduced life span (55) and that high growth correlates with short life span both within (26, 56, 57) and between (18) taxa. Using genetic manipulations, it has also been shown that the IIS/ TOR pathways affect these traits in concert in C elegans and D melanogaster, so that reduced IIS/TOR signaling results in increased life span (3-7) at the cost of reduced growth (5, 7, (30) (31) (32) 43 ) and female fecundity (3, 5, 33) , suggesting common underlying molecular pathways. However, sexes often have different reproductive strategies, resulting in different life histories (19, 21, 22) . This is often expressed as sexual size dimorphism, which corresponds to different relationships between size and fitness in males and females. Whereas malebiased size dimorphism (larger males than females) predominates in birds and mammals, female-biased size dimorphism is prevalent in all other animal groups (40) . In species with female-biased size dimorphism, the size-fitness relationship is stronger in females, because size translates into fecundity (37, (39) (40) (41) (42) , and, therefore, reduced female size is also predicted to reduce female fitness. This agrees with our findings in C remanei, where rapamycin-driven reduction in adult body size (reduced growth rate) of both sexes results in reduced female, but not male, fitness. Females are substantially larger than males, have higher growth rate, and longer development time until maturation, therefore theory (37) suggests that C remanei females are selected for size-dependent fecundity, while male fitness is to a lesser degree depending upon body size. Our results suggest that rapamycin affects the allocation between life-history traits in a sex-specific manner. To the best of our knowledge, no other study to date has measured the effect of rapamycin on growth of both sexes or on male fitness, but we note that male growth of rats is reduced by rapamycin (43) and also that female reproduction is lowered by genetic manipulation of insulin signaling (3, 33) and by rapamycin in D melanogaster (11) . Because reduced TOR signaling by genetic manipulations reduces growth in D melanogaster (31) and D melanogaster shows a female-biased sexual size dimorphism (58) with female size positively related to fecundity (42) , the effect of rapamycin on fecundity in D melanogaster could be mediated by reduced growth. Generally, we argue that the cost of life-span extension via downregulation of nutrient-sensing pathways will always be sex specific, but the direction of the effect will depend on the relationship between growth and fitness within each sex. Because female-biased size dimorphism is prevalent in most animal taxa (40), we expect our findings of femalebiased fitness costs to be widespread, while examples of male-biased costs are more likely to be found among birds and mammals with male-biased sexual size dimorphism. Interestingly, rapamycin (13, 14) as well as genetic knockdown of IGF-1 in the IIS pathway (8) has a stronger effect on female life span in mice, a species where males are polygynous territory holders and thus the larger sex, and rapamycin also reduces growth in male rats (43). In summary, for C remanei, D melanogaster, and mice, the effect of rapamycin on life span is stronger in the smaller sex, where the relationship between size and fecundity is weakest. The fitness cost seems however to be paid by the largest sex. Thus, knowledge of the sex-specific reproductive strategy, and therefore the tradeoffs between life-history traits, can potentially give insight into the sex-specific response to rapamycin and other manipulations of TOR signaling. We propose that the sexspecific relationship between size and fitness is a candidate explanation for this pattern. This finding is not fully compatible with the hypothesis that growth drives aging (15) , because growth is affected in both sexes but life span mostly in males, but is in line with earlier work suggesting that in Caenorhabditis nematodes the relationship between growth and aging is not causal, although both are likely pleiotropically affected by nutrient-sensing signaling (7) . The proximate mechanism by which rapamycin causes larger longevity effect in the smaller sex is currently unknown, but it is possible that body size per se (eg, different cell size in C remanei), growth rate, and development time all play important roles. Elucidating the relative importance of these factors constitutes a fruitful area for future research.
Another potential explanation for the larger effect of rapamycin in males is that life span is determined by different factors in the sexes. Female Caenorhabditis nematodes pay a substantial cost of mating, where male sperm and seminal fluid alter female physiology by manipulating germline proliferation through the hormone receptor DAF-12 and the transcription factor DAF-16, resulting in fat loss and shrinking, and ultimately death of the female (51) . This female-biased cost of mating is illustrated both by the observed shrinking of females from Day 5 of adult life and especially by our finding that removal of mating opportunities reverses the sexual dimorphism in life span, so that females is the short-lived sex when mated but the long-lived when virgins. Therefore, we also investigated whether the lack of rapamycinmediated life-span increase for mated females could be masked by the cost of mating. The interaction between mating status and rapamycin treatment for females was not significant, arguing against this hypothesis. Although visual examination of the data suggests that this hypothesis may be worth pursuing with more replication, the potential effect is still much smaller than the strong effect of rapamycin on life span of both mated and virgin males. Thus, the higher cost of mating in females cannot fully explain the sex-specific effect of rapamycin on life span.
Sexes commonly have different optimal values for key life-history traits, such as rate of growth, rate of reproduction, and life span (19, 21) , but the evolution of sex-specific optima in these traits via sexually antagonistic selection is constrained by the shared genetic machinery (59) resulting in intralocus sexual conflict (60) . Sexually antagonistic selection has been put forward as one of the key explanatory frameworks for the maintenance of genetic variation in traits closely related to fitness in general (60, 61) , and life span in particular (22, 62) , although the sexes also harbor substantial sex-specific genetic variation for life span (38, 63) . Alleles that reduce TOR signaling would increase male life span without fitness cost, but selection on females is predicted to hamper the evolution of increased male life span because of the cost to female fitness. Therefore, sexually antagonistic selection may contribute to the maintenance of genetic variation for sex-specific response to life-span-extending pharmaceuticals.
Although our finding of reduced female fecundity agrees with similar findings in D melanogaster (11), rapamycin did not alter the fecundity of self-fertilized C elegans hermaphrodites (10) . However, C elegans hermaphrodites are sperm limited if not mated (64) and can increase their fecundity dramatically by mating with males. Because female C remanei were continuously mated in our experiment, it may explain the different effects on female fecundity between our studies. The fact that only rate-sensitive individual fitness λ ind but not total fecundity was significantly affected by rapamycin in our study highlights the importance of the first days of reproduction for individual fitness.
The key finding of this study is that the fitness cost of life-span extension by rapamycin differs between the sexes, and the sex with smaller increase in life span suffered larger fitness cost. We propose that the magnitude of the effect depends on the sex-specific relationship between growth and fitness. More specifically, we suggest that life-span-extending interventions that target pathways affecting nutrient-sensing signaling and biosynthesis may have stronger effect on smaller sex, where the relationship between size and fecundity is weakest. Further work is needed to test the taxonomic generality, as well as physiological and molecular underpinnings of this effect.
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